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A search was rnade for the occurrence of particle-stable tetraneutrons in the fast-deuteron-induced fission 
of uranium. This process is known to give a high yield of alphas and tritons. In order to deduce the presence 
of tetraneutrons, the following hypothetical reactions were investigated: S14(n4,n)n\"7, 016(n4,t)N17, 
hIgz6(n4,2n)hIgZ8, Rhl03(n4,2n)Rhlo5, Bi~g(n4,n)Bi212 m d  Bizos(n4,2n)Bi2". Ko evidence for tetraneutrons was 
found. The upper limits of tetraneutron yields per alpha obtained from the above reactions are: 2X10-8, 
3X lV4, 3X 3X lW4, 1 X 10-6, and 1 X 10-8, respectively. I t  seems reasonable to conclude from these 
results that the existence of tetraneutrons is most unlikely. 
A S a consequence of experimental results from the He4(y,?r+)-+ t+n reaction, it has been suggested 
that there is a low-lying resonant state in the n-t 
system a t  about 4 MeV above binding.' Since this state 
could not be observed in n-L scattering? it has been 
interpreted as a state with isotopic spin3 T =  2. On the 
basis of this conclusion one would expect the existence 
of a particle-stable system of four neutrons bound by 
abouts 4.5 MeV. However, reinterpretation of the 
experimental results shows that i t  is difficult to deduce 
from the hitherto existing data whether or not there is 
an H4 state present in the reaction p r o d u ~ t s . ~ ~ ~  In a 
recent experiment, an upper limit of 15yo was obtained 
for the production of an H4 final ~ t a t e . ~  The possible 
occurrence of HeS and painng energy argurnents Cast 
some doubt upon the stability of the tetraneutron, 
although the suggestion in favor of it cannot be rejected 
entire1y.l Symmetry considerations allow the conclusion 
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that the proposed T = 2  resonance state implies the 
T =  1 state of H4 to be b ~ u n d . ~  Hoivever, no H4 lvas 
found in several searches? 
The problem of the states 1z4 and H4 is closely con- 
nected with the problem of the excited states of the He4 
nucleus and the existence of7J0 H5. -4 He4 level a t  
aboutllJ? 20.1 MeV with13 T=O seems to be weil 
established. In a recent paper a second excited state has 
been proposed at about12 21.2 MeV. I t  can be either a 
T = O  or a T= 1 state. On account of isotopic spin con- 
servation, all experiments up till now conceming the 
He4 level structure cannot provide information on 
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states mith T=2. With one exception14 searches for 
particle-stable H5 were ~ n s ~ ~ ~ e s s f u i . ~ ~  
In  this note a search for the occurrence of tetra- 
neutrons in the fast-deuteron-induced fission of uranium 
is described. The measurements may be of use in 
clarifying the experimental situation for the four- 
nucleon system. A search for tetraneutrons in the 
thermal-fission process had a negative r e ~ u l t . ~  If tetra- 
neutrons exist a t  all, the yield in the fast deuteron- 
induced fission is espected to be about two orders of 
magnitude higher than in thermal fission. This assump- 
tion is reasonable because of the much higher yield of 
alphas and tritons.16 
A natural-uranium target was bombarded with 4 ,uA 
of 50-MeV deuterons in the Karlsruhe isochronous 
cyclotron. In order to deduce the presence of 1t4 the 
following hypothetical reactions were investigated: 
X 1 4 ( 4 1 z ) 1 7 1  0G(zl t )X17,  hlg?"~1~,2rz)Slg", RhIm 
(i~~,211)Rh'~" Bi209(~~41~z)Bi212 and Bi209(i~4,2~t)Bi211. In 
none of these experiments was any evidence found for 
the existence of particle-stable tetraneutrons. The only 
information we are able to deduce from the experi- 
mental data is an upper limit of the number of 1a4 pro- 
duced per fission. In Table I the results are surnmarized 
TAFILE I. Upper limits of tetraneutron yields. 
A4ssumed 12' yield 1z4 yield ?z4 yield 
an., Per Per Per 
No. Reaction (mb) fission alpha triton 
' Observed for thermal fission (Ref. 8). 
together with the assumed 1t4 cross sections. Tüking into 
account the influence of binding energy tlie cross 
section values seem to be reasonable from ( c Y , ~ ) ,  (tr p), 
(a,t), and (~1,212) cross sections in the mass region of the 
target nuclei. 
In  the first experiment, nitrogen samples were irradi- 
ated in the form of tetrazole N4CH2 and ammonium 
azide NH4N3. The occurrence of the N14(1z4,1t)N17 re- 
action could be examined by looking for the 4.1-sec 
delayed-neutron activity of NI7. This technique pro- 
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vides excellent discrimination against other reaction 
products. In a pneumatically operated rabbit system, 
1-g samples in polyethylene containers were irradiated 
for 20 sec at a point 3.3 cm from the uranium target. 
The samples were counted in a distant low-background 
assembly a t  2.6-sec intervals. The neutron detector 
consisted of 17 B1°F3 counters in a paraffin pile having 
an over-all efficiency of about 7%. 
For the 016(lt4,t)W7 reaction, the Same technique was 
applied. In  order to determine the interference from the 
(12,~) and (?z,d) reactions on the rare isotopes OI7 and 
018, two ((rabbitsl' containing D20 of different oxygen 
isotopic composition were irradiated alternately. The 
accuracy of this experiment was limited by the un- 
certainties in the average (12,~) and (~z,d) cross sections. 
In  the third experiment, a 5-g sample of Mg0 was 
irradiated for 5 h a t  a point 4.5 cm from the uranium 
target. A radiochemical separation of Rlg \i7as then 
performed to eliminate the high Naz4 activity produced 
by the (12,p) process on The occurrence of the 
hIg"(~~J~21z)hIg~~ reaction was examined by looking for 
the 1.35- and 1.78-MeV y transitions following the 
decay of 21.3-h and 2.3-min ,4lZ8, respectively. 
~ h e  sample was counted for 8 h with a 4-in.X5-in. 
KaI(T1) scintillation detector. 
For studying the Rh1m(1z4,21z)Rh105 reaction a Rh foil, 
60 ,u thick and 1.6 cm in diaineter, was irradiated for 
5 h at a position 3 crn from the cyclotron target. The 
beta- and gamma-ray spectra of the sample were 
followed for a period of several days in a beta propor- 
tional Counter and a 3-in. X 3-in. Na1 (TI) detector, 
respectively. In the beta measurement, interference was 
observed from the 5% P+ activity of 21-h Rh1" produced 
by the (12,412) reaction. The accuracy of the y-ray spec- 
trum analysis was limited by the presence of 4.5-day 
RhlO1 which results from the (n,.%z) process and which 
has a gamma line very close to the 319 keV transition 
following the ß decay of 35-h RhIo5. 
The occurrence of the Bi209 reactions was examined 
by looking for the CY activity of the product nuclei 
2.15-min Bi2" and 60.5-min Bi"". The target nuclide 
Bi"9 has the advantage that short-time neutron irradi- 
ation cannot induce measurable a activities. Samples 
were prepared by evaporating layers of Bi about 100 
thick on thin 4x4-cm copper foils. After 10 min of 
irradiation at a point 3.3 cni from the uranium target, 
these foils were counted for S min mith a thin 2-in.-diam 
ZnS (Ag) scintillation screen. 
Considering the absence of a Coulomb barrier for the 
tetraneutron, this particle should occur with a frequency 
comparable with that of alphas and tritons in spite of 
the much lower binding e n e r g ~ . ~  Therefore, it seems 
reasonable to conclude from Table I that the existence 
of tetraneutrons is most unlikely. As a consequence, the 
observed resonance statelJ in H4, if it exists a t  all, most 
probably is not a T = 2  state. Furthermore, the first 
He4 state with T= 2 should have an energy > 29 MeV. 
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I n  a r e c e n t  p a p e r l )  ue d e s c r i b e d  n s a a r c h  f o r  t h e  o a c u r r e n c e  of 
p n r t i c l e - s t a b l e  t e t r a n e u t r o n s  i n  t h e  f a s t  deu te ron - induced  f i s s i o n  
o f  uranium. I n  t h e s e  c x p e r i m e n t s  s e v e r a l  h y p o t h e t i c a l  r e a c t i o n s  
4 
of t h e  typ*?s  ( n  , n ) ,  ( n 4 , 2 n )  and ( n 4 , t )  vJere i n v e s t i g z t e d  f o r  de- 
d u c i n g  t h e  p r e s e n c e  of  t e t r a n e u t r o n s .  The e x p e r i m e n t ~ l  d a t s  s u g g e s t  
t h e  c o n c l u s i o n  t h n t  t h e  e x i s t e n c e  of  t h e s ~  p s r t i c l e s  is most un- 
l i k e l y .  I n  o r d e r  t o  a t t n c h  add i t i onz .1  vreight t o  o u r  r e s u l t s  i t  
was dcemed u s e f u l  t o  per form s f u r t h e r  expe r imen t  employing a 
4 d i f f e r e n t  t e c h n i q u e .  I n  t h e  p r e s e n t  r e p o r t  a s c e r c h  f o r  n  i s  
d e s c r i b e d  u s i n g  a r e c o i l  p r o t o n  d e t e c t o r  and t h e  t i m o - o f - f l i g h t  
method. Again ,  t h c  f s s t  dau te ron - indaced  f i s s i o n  o f  uranium wns 
used  as a p o s s i b l e  s o u r c e  o f  t e t r z n e u t r o n s .  T h i s  p r o c e s s  i s  known 
t o  g i v e  a h i g h  y i e l d  of  a l p h a s  and t r i t o n s .  C o n s i d e r i n g  t h e  ab-  
s s n c e  o f  a Coulomb b a r r i e r  f o r  t h e  t e t r z n e u t r o n  t h i s  p a r t i c l c  s h o u l d  
o c c u r  w i t h  a  comparable  f r e q u c n c y ,  i n  s p i t e  of  t h ~  much l o v ~ e r  
b i n d i n g  ene rgy .  A Summary of  t h s  e x p e r i m e n t a l  and  t h e o r e t i c a l  
background f o r  t h e  f o u r - n u c l e o n  sys t cm 2.nd of t h e  c o r r e s p o n d i n g  
l i t e r a t u r e  i s  g i v e n  i n  o u r  p r e v i o u s  p z p e r .  
Assuming t h a t  t e t r s n e u t r o n s  undsrgo  s l a s t i c  c o l l i s i o n s  i n  a 
hydroganous  medium i t  f o l l o m s  from c o l l i s i o n  k i n e m a t i c s  t h z t  
t h e  maximum ene rgy  t r ~ . n s f c r s  f o r  t a t r ~ ~ n e u t r o n c  2nd n e u t r o n s  
4 
o f  e q u a l  v e l o c i t y  n r c  c o r r e l n t e d  by E ( n  ) = 2.56 U(n). Thus,  
i n  r e c o i l  s p e c t r c  rneesurernents w i t h  s e l e c t i o n  of  2 f i x e d  t ime-  
o f - f l i g h t  two super imposed  s p e c t r u  w i t h  ~ v e l l  s e p a r c t e d  naximum 
e n ? r g i e s  a r e  e x p e c t e d  p r o v i d c d  t h n t  t e t r 3 n z u t r o n s  n r e  produceci 
i n  t h e  s o u r c e .  
The b l o c k  d i a g r n n  of t h z  e x p c r i m e n t n l  s e t u p  u s s d  i n  t h e  p r e s e n t  
mensurements  is shown i n  f i g .  I .  k n?. tural  u rsn ium t s r g e t  was 
bornbzrded w i t h  100 nA of  50 M e V  d e u t e r o n s  from t h e  e x t e r n n l  beam 
o f  t h e  K n r l s r u h e  i s o c h r o n o u s  c y c l o t r o n .  The d e u t e r o n  p u l s e s  hnd 
a r e p e t i t i o n  r n t ~  of  33 PIc. T h e r e f o r e ,  t h e  d e t e c t o r  had t o  be 
p l a c c d  c l o s n  t o  t h e  t s r g e t .  # d i s t a n c e  o f  25 cm w<?s u sed .  She 
d e t e c t o r  was a  5 mm 9 X 0.5 mm NE 213 l i q u i d  s c i n t i l l a t o r  mounted 
on 2 56 AVP p h o t o m u l t i p l i e r .  Pu l se - shape  d i s c r i m i n a t i o n  was 
enployed  i n  o r d e ~  t o  e!- ininate  p u l s e s  a r i s i n g  from t ime-uncor re -  
l a t e d  gamms r a d i a t i o n .  Tne c i r c u i t  i s  based  on t h e  s p a c e  c h a r g e  
l i m i t a t l o n  method proposed  by Owen 2 ,  3 )  , R f a s t  o u t p u t  s i g n a l  
s t a r t e d  a t u n n e l  d i o d e  t i m e - t o - p u l s e  h e i g h t  c o n v e r t e r .  By a d i f -  
f e r e n t i a l  d i s c r i m i n a t o r  a f l i g h t  t ime  c o r r e s p o n d i n g  t o  1 .2  MeV 
n e u t r o n  ene rgy  v r a s s e l c x t e d .  The o v e r a l l  ene rgy  r e s o l u t i o n  of  t h e  
t i m e - o f - f l i g h t  c i r c u i t  was b e t t e r  t h a n  20 76. Because o f  t h e  l a r g e  
t ime S i t t e r  o f  t h e  d i s c r i m i n a t o r s  t h e  c o i n c i d e n c e  r e s o l v i n g  t i m e  
w a s  s e t  t o  2 u s e c .  S p e c t r a  were a n a l y s e d  u s i n g  a 400 c h a n n e l  p u l s e -  / 
h e i g h t  a n a l y z e r .  
A r e c o i l  spec t rum c o r r e c t e d  f o r  t i m e - u n c o r r e l a t e d  background i s  
shown i n  f i g ,  2 1\70 e v i d e n c e  was found f o r  t h e  o c c n r r e n c e  of  a 
s ~ > p e r i r n p o s e d  spec t rum w i t h  h i g h e r  maximum ene rgy .  The r e s u l t s  o f  
pur  p r e v l o u s  e x p e r i m e n t s  a r e  t h u s  con f i rmed .  The o n l y  i n f o r m a t i o n  
we are s b l e  t o  deduce from t h e  d a t a  i s  a n  uppe r  l i m i t  f o r  t h e  num- 
b a r s  of  t e t r a n e u t r o n s  produced p e r  f i s s i o n .  T h i s  l i m i t  was c a l -  
c u l a t e d  t o  be 3 x 1 0 - ~ .  She upper  l i m i t s  f o r  t h e  numbers of t e t r a -  
- I 
n e u t r o n s  p e r  n lphn  nnd t r i t o n  a r e  9  X I O - ~  and 3 x 10 , r e s p e c -  
t i v e l y  . 
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